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Warburg and his associates have reported a  series of studies on the 
metabolism of malignant tissues as compared to that  of normal tis- 
sues. 1  Their first observation, that respiration was considerably less 
in the Flexner-Jobling rat carcinoma than in normal rat  tissues, led 
them to conclude that the Ringer's solution in which the studies were 
made lacked suitable material for combustion.  Later  investigation 
revealed that the addition of glucose inhibited even the small amount 
of respiration which took place in the tumor tissue suspended in plain 
Ringer's.  The explanation of this was found to be the fact that lactic 
acid was  produced by glycolysis in  sufficient amounts to  halt  the 
respiratory exchange.  On the other hand glucose failed to influence 
the respiration of normal tissues such as liver and kidney cells and they 
were found to produce only very minute amounts of lactic acid.  This 
observation led to a quantitative study of the glycolytic activity of 
malignant cells. 
A general analysis of Warburg's results shows that malignant tumor 
ceils produce three to  four times more  lactic  acid per molecule of 
oxygen consumed than benign tumors,  while 3  to  5  day old  chick 
embryo tissue in the absence of oxygen produces lactic acid at almost 
the same rate as malignant tissue but in the presence of oxygen nor- 
* This investigation  was  carried out by means  of funds  from the Ruther- 
ford Donation. 
t Warburg,  O.,  and  Minarni,  S.,  Klin. Woch., 1923,  ii,  776.  Warburg,  O., 
Negelein, E., and Posener, K., Klin. Woch., 1924, iii, 1062.  Warburg, O., Biochem. 
Z.,  1923,  cxlii,  317.  Minami,  S.,  Biochem. Z.,  1923,  cxlii,  334.  Warburg,  O., 
Biochem. Z., 1924, clii, 51.  Warburg, O., Posener, K., and Negelein, E., Biochem. 
Z., 1924, clii, 309. 
For a rSsum" see Warburg, 0., Y. Cancer Research, 1925, ix, 148. 
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mal respiration takes place with the formation of very minute amounts 
of lactic acid.  The normal tissues studied in the presence of oxygen 
respire  in  the usual manner  but are inert in the absence of oxygen. 
The retina proved to be an exception and the metabolism was of the 
same nature as that of malignant  tumor tissue. 
These most important observations  seemed to offer the first quan- 
titative  method  of  differentiation  between  malignant,  benign,  and 
normal tissues.  It was our intention  in  taking up this investigation 
to determine the relationship between growth rate of tumors and their 
degree of glycolytic activity. 
The methods employed were those used by Warburg, the details of 
which may be found in his publications3 
Method.--Three  very thin free-hand  sections were made from  the 
tissue to be studied.  One was placed in a Warburg type of cell with 
8 cc. of Ringer's solution containing 0.01 tools glucose, 0.025 mols of 
bicarbonate  per liter  adjusted  to pH  7.6  by bubbling a  mixture  of 
carbon dioxide, 5 per cent, and oxygen, 95 per cent, through the solu- 
tion.  A  second piece of tissue was placed in a  cell  containing  3  cc. 
of the same solution and  the third piece in a  cell  containing  3 cc. of 
the same solution plus 0.04 cc. of a 0.7 per cent soIution of potassium 
cyanide.  A fourth cell containing 5 cc. of the same Ringer's solution, 
without tissue, was used as a control for changes in temperature  and 
barometric pressure.  The  cells were attached  to Barcroft manome- 
ters and after th~ residual air had been swept out of  the manometer 
and cells by the carbon dioxide-oxygen gas mixture they were sealed. 
The manometers were placed on  a  mechanical shaker with the cham- 
bers  immersed  in  a  constant  temperature  bath  at  37.5  4- 0.01°C., 
and shaken.  The manometers were left for 15 minutes in the water 
bath to allow for equilibrium  and were then read every 15 minutes. 
After the experiment was completed the tissues were removed, rinsed 
in distilled water, placed in weighing bottles, and dried for 2 hours, in 
an oven at 100°C.  The tissues were then weighed on a micro balance 
accurate to 0.01 mg. 
2 We wish to express our deep appreciation to Dr. Warburg for his generosity 
in demonstrating the methods and his aid in securing the necessary apparatus 
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It  is  possible  to  determine  the  oxygen  consumption  and  carbon 
dioxide production in c.mm.  as follows: 
273 
kffi 
Po 
vg  =  volume c.mm. of gas in cell and manometer. 
v~  =  "  "  "  Ringer's solution. 
=  absorption coefficient of oxygen or carbon dioxide. 
T  =  absolute temperature of thermostat. 
P0  ffi normal barometric pressure in mm.  Brodie's solution 10,000 mm. 
Xo,  ks  )--  =  h  +  Xco:= Xo, 
r  1  Xo,  =  t/  [Kco~ +  7  Ko,] 
h  =  height of liquid in manometer  where  small letters  and  capital 
letters represent the constants for the cells containing 3  cc. and 8  cc. 
of Ringer's solution respectively. 
7  -- 
Kco2  •  kco~  H Ko,  -  h ko, 
Ko,  • ko,  h kco, -- H Kco~ 
N  Xcj2 =  kco,  ×  h,  CO2 produced  by  glycolysis in  cell  containing 3 
cc. of Ringer's solution plus potassium cyanide. 
Oo,  =  ~  - 
Xo, 
X¢o2 
Qco,  =  M × t 
M X t  -  respiration.  C.mm. of 0-2  consumed per hour by 1 rag. 
per dried weight of tissue. 
---  --- total aerobic CO2 produced per hour by  1 rag. per  dried 
weight of tissue. 
Qc°o~  2 ffi Qco~ -b Qo2  -  aerobic glycolysis.  C.mm. of CO2 produced by glycolysis 
per hour by 1 mg. per dried weight of tissue. 
X s 
QN  cos  -  anaerobic glycolysis. 
M×t 
M  =  weight of dried tissue in mg. 
t  --- time in hours. 118  METABOLISM  OF  NORMAL  AND  MALIGNANT  CELLS 
Following are some examples of experiments: 
Normal Tissue. 
Cell 3. 
(Contains 0.04 cc. 
Cell 1.  Cell 2.  of 0.7 per cent 
KCn to 
check respiration.) 
Gas mixture  .................. 
Volume, cc  ................... 
Constants .................... 
Rat liver.  Weight of tissue. 
Pressure. 
5 per cent CO2 in 
02. 
~F=8 
vg  =  5.02 
Ko~  =  0.46 
Kco~  =  0.89 
2.02 mg. 
15 min. H  -- 
--4.3. 
30 min. H  = 
--8.5. 
5 per cent CO2 in 
02. 
~s--3 
vg =  9.02 
ko2  =  0.80 
kco,  =  0.96 
1.45 mg. 
15 min. h  = 
--0.3. 
30 min. h  = 
--0.6. 
3' =  --1.1 
Qo~ =  -8.9 
¢2=  1.o 
5 per cent COs in 
O2. 
~=  3.0 
%=  10.13 
kco2=  1.06 
1.93 mg. 
15 rain. h  --- 
1.1. 
30 rain. h  = 
2.9. 
Qc~o~ =  3.2 
Embryonic  Tissue. 
Cell 3. 
Ce!l i.  Cell 2.  (Contains 0.04 ec. of 
0.7 per cent KCn.) 
Gas mixture  .................. 
Volume, cc  ................... 
Constants .................... 
5 per cent CO2 in 
02. 
~e =  8.0 
vg  =  5.02 
Ko~  =  0.46 
Kco~  =  0.89 
5 per cent CO2 in 
02. 
VF  =  3.0 
vg  =  9.02 
ko2  =  0.80 
kco2  =  O. 96 
5 per cent CO2 in 
02. 
VF=  3.0 
vg  .=  10.13 
keo2=  1.06 
Skin of rat  Weight of tissue.  5.25 rag.  5.18 rag.  5.51 rag. 
embryo. 
Pressure.  15 min. h  = 
--0.6. 
30 rain. h  = 
--1.6. 
15 min. H  = 
--7.1. 
30 min. H  - 
-14.7. 
~/  =  1.1 
Qo2  =  5.9 
Qce~  =  o. 65 
15 min. h  = 
9.1. 
30 min. h  -- 
19.2. 
Q~co, =  7.4 JAMES  B.  MURPHY AND  JAMES A.  HAWKINS  119 
Malignant Tissue. 
Gas mixture  ................. 
Volume, ¢c  ................... 
Constants .................... 
Weight of tissue.  Flexner- 
Jobling 
tumor.  Pressure. 
Cell I. 
5 per cent C02 in 
05. 
vF  =  8.0 
vg =  5.02 
Ko5 =  0.46 
Kce5 = 0.89 
2.28 mg. 
15 min. H = 
11.2. 
30 min. H = 
22.4. 
Cell 2. 
5 per cent CO2 in 
02. 
vF =  3.0 
vt = 9.02 
ko5 =  0.80 
kco2 = O. 96 
1.71 rag. 
15 min. h = 
10.4. 
30 min. h = 
20.9. 
3' =  --4.08 
Qo2 =  -8.1 
O5  ~__.  Qco2  24.8 
Cell 3. 
(Contains 0.04 co. Of 
0.7 per cent KCn.) 
5 per cent CO5 in 
O~. 
VF=  3.0 
vg =  10.13 
kcos=  1.06 
1.76 mg. 
15 min. h = 
12.5. 
30 min. h = 
24.2. 
Q~  =  29.1 
co  2 
The tissues studied include the liver, the Flexner-Jobling carcinoma, 
spleen, embryonic skin and placenta from the rat, spontaneous tumors 
of mice, and  two transplantable sarcomas of the chicken. 
Liver.--In general the results with this tissue correspond closely with 
the figures published by Warburg.  There was little variation between 
the individual livers studied  as indicated  in Text-fig.  1 and Table I. 
Flexner-Jobling  Rat  Cardnoma.--With  this  tissue  the  ratios  were 
likewise fairly constant and  corresponded with  the published  results. 
These figures may be taken as the standard malignant tumor type of 
metabolism according  to  Warburg's  classification.  (Text-fig.  1  and 
Table I.) 
Spleen.--The spleen gave values slightly different from the liver as 
may be seen in Table I, but, with one exception, there was little varia- 
tion between individual spleens.  Spleens depleted of the major por- 
tion of  the  lymphoid tissue or stimulated  by  means  of  dry  heat, 3 
showed no measurable difference in their metabolism and the rate was 
3 Murphy, Jas. B., and Sturm, E., J. Exp. Med.,  1919, xxix, I. 120  M~TABOLISM  OF  NORMAL  AND  MALIGNANT  CELLS 
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Rat liver. 
NO.  Qo,  ~  N  Qc%,  Oc~t-Qc~, 
qc~  Qco2  002  002 
1  --4.97  0.0  1.55  0.0  0.31 
2  --4.97  0.0  2.03  0.0  0.40 
3  --10.6  3.4  0.8  0.3  0.0 
4  --8.9  1.0  3.2  0.i1  0.26 
5  --14.2  0.0  2.2  0.0  0.15 
6  --10.1  0~0  1.8  0.17  0.0 
7  --12.5  0.0  3.1  0.0  0.25 
8  --3.8  0.0  0.0  0.0  0.0 
9  --11.8  0.0  3.0  0.0  0.25 
10  --11.6  0,0  3.0  0.0  0.25 
Average... 
Flexner-Jobling  1 
tumor.  2 
3 
4 
5 
6 
7 
8 
9 
I0 
11 
--9.4  0.~  2.1  0.06  0.19 
--8.6  18.0  26.9  2.0  1.0 
--8.3  14.3  17.6  4.3  4.9 
--11.7  19.3  27.6  1.5  0.7 
--6.6  24.1  24.8  1.6  0.1 
--7.6  19.7  30.4  2.6  1.4 
--12.2  19.5  30.8  1.6  0.9 
--10.4  21.3  26.3  2.0  0.5 
--8.4  25.6  29.1  3.0  0.4 
--6.9  13.5  47.7  2.0  5.0 
--10.5  22.5  28.2  2.1  0.6 
--5.3  20.3  28.6  3.9  1.6 
Average.. 
Rat spleen.  1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16' 
Average... 
--8.3  19.9  30.7  2.4  1.5 
--19.3  7.0  5.6  0.3  0.07 
--11.4  3.5  9.8  0.3  0.55 
--4.0  0.0  6.0  0.0  1.5 
--10.9  0.8  9.3  0.1  0.9 
--10.0  3.4  6.2  0.3  0.3 
--11.1  2.3  9.9  0.2  0.7 
--6.7  0.0  5.0  0.0  0.8 
--13.1  0.0  5.2  0.0  0.4 
--13.6  1.0  11.3  0.1  0.7 
--13.5  3.8  9.6  0.3  0.4 
--14.7  3.4  9.1  0.2  0.4 
--16.9  3.9  I0.0  0.2  0.4 
--14.3  2.6  11.7  0.2  0.7 
--14.8  3.3  5.4  0.2  0.2 
--14.6  2.7  10.9  0.2  0.6 
--10.0  0.0  8.2  0.0  0.8 
--11.8  2.3  8.3  0.2  0.6 
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TABLE I--Concluded. 
Rat placenta. 
No. 
Average  ................... 
Qo2 
--7.5 
-3.7 
--10.6 
--8.6 
"7.3 
--4.4 
-9.1 
-7,3 
O~ 
Qcc~ 
11.6 
9,3 
12.7 
9.6 
11.3 
6.9 
11.6 
10.6 
Qc~ 
17.4 
17.8 
13.4 
10.8 
14.4 
10.2 
18.6 
14.9 
O~  ~C02 
1.5 
2.4 
1,2 
1.1 
1.6 
1.6 
1.3 
1.5 
N  03 
Qo= 
0.77 
2.3 
0.66 
0, 14 
0,42 
0.75 
0.77 
0.83 
Qo~  --- respiration.  C.mm.  of oxygen consumed per hour by 1 rag. per dried 
weight of tissue. 
Qo~,  =  aerobic  glycolysis.  C.mm.  of carbon dioxide produced by glycolysis 
per hour by 1 rag. per dried weight of tissue. 
Q~o,  =  anaerobic glycolysis.  C.mm. of carbon dioxide produced per hour by 
1 mg. per dried weight of tissue when respiration  has been checked by potassium 
cyanide. 
Qc°~  =  ratio of aerobic glycolysis to respiration. 
0o,  Q~  Qo, 
co~--  cos  _  Meyerhof quotient. 
Qo, 
approximately the same as that of the normal spleen.  The one excep- 
tion was a  specimen from a  mouse with an old encapsulated abscess 
in the lower abdominal cavity.  This spleen was large and firm, com- 
posed almost entirely of enormous germinal centers with only a  slight 
amount of pulp.  The type of metabolism was  similar  to  that of a 
benign tumor.  (Text-fig. 1 and Table I.) 
PIacenta.--The  rat placentas investigated  were for the  most part 
removed during the last few days of gestation,  A few, however, were 
studied  at  about  mid-term.  As  there  was  no  difference observed, 
these are all grouped together in the charts.  The type of metabolism 
was  similar  to  that  of  frank  malignant  tissue.  (Text-fig.  1  and 
Table I). 
Chicken  Tumor.--Chicken  Tumor  1,  a  rapidly  growing  sarcoma 
which will cause the death of the inoculated  fowl  in  3  to  4  weeks, JAMES  ]3.  MURPHY  AND  JAMES  A.  HAWKINS  123 
was  of  spontaneous  origin  and  has  been  transplanted  through 
many generations?  This tumor has the unique quality of being trans- 
missible through the agency of a filterable substance separable from the 
ceils.  It is probably the most malignant of the transplantable tumors. 
The metabolism was similar to that of the  Flexner-Jobling  rat car- 
cinoma.  (Text-fig. 2 and Table II.) 
Chicken Tumor 9, also a  transplantable  spindle cell sarcoma, but 
not transmissible by cell-free filtrates, had its origin in a tumor induced 
by repeated injections of coal tar in the pectoral muscle of a  hen. 5 
At the time of this investigation Chicken Tumor 9 was failing to grow 
TABLE  II. 
Chicken Tumor 1. 
No. 
Average 
Qo~ 
--10.5 
--8.9 
--4.5 
--5.3 
-7.3 
O2 
Qco~ 
17.3 
19.0 
19.1 
30.3 
21.4 
~co2--  c¢  Qc~  QP~  °H  Q°' 
Qo2  Qo, 
29.2  1.6  1.1 
21.1  2.1  0.2 
26.6  4.2  1.7 
33.3  5.7  0.56 
27.6  3.0  0.9 
Growth rate. 
Very rapid progression. 
For meaning of symbols see Table I.  The tumor used was a  rapidly growing 
chicken sarcoma. 
in  the majority  of fowls inoculated.  With  rare  exceptions it  grew 
with great slowness requiring 4 months or longer to cause the death 
of the animal.  In many instances the tumor, after a period of growth, 
would  retrogress  rapidly  to  complete  absorption.  Preceding  and 
during this period the sarcoma cells were largely replaced by  a  small 
round  cell  infiltration  and  an  ingrowth  of  connective  tissue.  The 
anaerobic glycolysis of the tumor was high but the aerobic glycolysis- 
respiration  ratio  varied  from 0.8,  which corresponds  to  the benign 
tumor ratio of Warburg, to 4.0 which is the ratio of typical malignant 
tissue.  Moreover, some of this tissue taken from rapidly retrogres- 
4 Rous, P., ]. Exp. Med., 1910, xii, 696; 1911, xiii, 397.  Rous, P., and Murphy, 
Jas. B., J. Exp. Med., 1914, xix, 52. 
5 Murphy, Jas. B., and Landstciner, K., ]. Exp. Med., 1925, xli, 807. b-4 
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sing tumors, showing practically no intact tumor cells, the mass being 
composed almost entirely of reactive tissue, gave as high  an aerobic 
glycolysis-respiration ratio as other tissues composed entirely of malig- 
nant  cells.  Classification according to this ratio gives no indication 
as to the state of the tumor.  Compared with Chicken Tumor 1, which 
has an average malignancy tremendously greater than the most malig- 
nant of the chicken tumors,No. 9, during this period of investigation, 
the average of ratios was not far apart.  Even some of the retrogres- 
sing No. 9's gave a ratio higher than the average for Chicken Tumor 
1.  It should be noted in this connection that the latter  tumor  con- 
tains  large  qtta~tities  of mucoid material  which  means  that  it  has 
considerably fewer cells per unit of tissue than the progressive Chicken 
Tumor 9.  (Text-fig. 2, Table III.) 
Spontaneous Mouse Tumors.--This  group  of neoplasms  has  been 
derived from a special stock of mice which for generations has given a 
high tumor instance.  Two of the tumors proved to be sarcomas but 
all of the others were either adenocarcinomas or alveolar carcinomas or 
a  mixture  of these  two types.  The  diagnosis  has  been recorded in 
Table  IV  according  to  the  dominating  type.  In  a  few  instances 
the  metabolism  rate  was  studied  without  determining  the  rate  of 
growth of the tumor but as a rule accurate measurements were made on 
the size of these growths for at least a month before the tumors were 
removed for study.  In  some animals  the  tumors  were removed at 
operation for metabolism study and then  a small bit was replaced in 
the original animal and later a second test was made on the new tumor 
resulting from this graft, or on  the local  recurrence at  the site of  the 
operation. 
The anaerobic glycolysis of these tumors was always high,  but the 
aerobic glycolysis-respiration  ratio  varied  from  0,  corresponding  to 
the metabolism of embryonic tissue, to 2.2 which is within the ratios 
given  by  the  Flexner-Jobling  rat  tumor.  The  majority  of  these 
tumors, however, would fall in the group of benign tumors classified 
on their metabolism according  to Warburg's  types.  Only two gave 
a ratio as high as the lower ratios for the Flexner-Jobling tumor and 
these were both sarcomas.  (Text-fig. 3 and Table IV.) 
The aerobic glycolysis-respiration ratio seemed to bear no relation- 
ship to the growth rate.  There are more of the rapidly growing tumors JAMES  B.  MURPHY  AND  JAMES  A.  HAWKINS  129 
with a high ratio than with a low one, but one of the slowest growing 
tumors gave one of the highest ratios, while several rapidly growing 
tumors  gave  very  low  ratios.  In not a  single instance was  there 
sut~cient stroma or reaction to account for the type of metabolism. 
From a biological point of view these tumors unquestionably belong 
to the group of frankly malignant neoplasms.  They grow more or less 
rapidly, almost invariably resulting in the death of the animal.  Spon- 
taneous healing is extremely rare.  They invade surrounding tissues, 
metastasize to the internal organs, recur frequently after careful sur- 
gical removal, and autografts almost invariably grow.  Recent inves- 
tigation has shown that a majority, if not all, of such tumors are trans- 
plantable if the genetic make-up of the new host is similar to that of 
the tumor.  In other words the spontaneous mouse tumors are capable 
of continuous growth and in all other respects answer the requirements 
necessary  to  group  them  without  question  among  the  malignant 
neoplasms. 
Miscellaneous Tissues.--Skin from rat embryos in the latter stages of 
gestation, embryonic membranes, and the wall of a  pregnant uterus 
were all  found  to  give the  same  type of  metabolism  as  the chick 
embryos. 
DISCUSSION. 
Briefly put, Warburg divides tissues into four types on the basis of 
his  metabolism studies,  namely normal resting  tissue  with  a  slight 
anaerobic glycolysis and a high respiratory rate; embryonic tissue with 
a high respiratory rate and a high anaerobic but a low aerobic glycoly- 
sis; malignant tumor tissue with a low respiration and a high aerobic 
and anaerobic glycolysis; benign tumor tissue with the same type of 
metabolism as the malignant tissue but less active glycolytic function. 
In our experiments, working with the same types of tissues as those 
used by Warburg, the results were essentially the same as his and the 
differences between the groups were quite clear-cut.  However, when 
the observation was extended to other tissues the groups became less 
definite.  For example, rat spleen, embryonic skin, and the wall of a 
pregnant  uterus  had  the  typical  embryonic  type  of  metabolism. 
Rat placenta grouped according to  this  scheme fell well  within the 
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grouped  itself  with  the  transplantable  rat  carcinoma  but  Chicken 
Tumor 9 showed considerable.variation.  The latter  tumor grouped 
on the basis of the aerobic glycolysis-respiration ratio, in the majority 
of instances,  had  about the  same range  as  Chicken  Tumor  1 but a 
rapidly  retrogressing  tumor  composed  almost  entirely  of  reactive 
tissue  was frequently as  active  as  the  progressive  tumors  made  up 
entirely of intact tumor cells. 
The results with the spontaneous tumors of mice were  even more 
varied.  Grouped  on  the  basis  of  their  type of metabolism some of 
them behaved as embryonic tissue but the majority fell in  the group 
of benign tumors and only a very small  number  could be classed  as 
malignant.  Histologically all of these tumors are typically malignant. 
Classified on the basis of their biological behavior they are in all essen- 
tials similar to the malignant  disease as it occurs in man. 
The glycolytic activity seems to bear no relationship to growth rate. 
The very slow growing or retrogressing chicken tumor frequently gave 
as high a  ratio as the rapidly growing tumor.  The rapidly  progres- 
sing spontaneous mouse tumors often gave a low ratio while the slower 
ones in some instances gave a relatively high ratio. 
From these results it would seem that a  classification of tissues  on 
the basis of the type of metabolism does not correspond to the biologi- 
cal groupings  (Text-fig.  3).  These findings  in no way detract  from 
the fundamental importance Of Warburg's studies for he has opened 
up  a  new field of tumor research  which promises  great  possibilities 
for future investigation. 